Association between cardiorespiratory fitness and depressive symptoms in children and adolescents: a systematic review and meta-analysis
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Abstract
[bookmark: _Hlk41046280]
Background: Higher cardiorespiratory fitness (CRF) is associated with lower depressive symptoms in adults. However, no systematic review with meta-analysis assessed the cross-sectional associations between CRF and depressive symptoms in children and adolescents. Therefore, this meta-analysis assessed the relationship between CRF and depressive symptom in these populations. Methods: Cross-sectional data evaluating the correlation between CRF and depression were searched, from database inception through 21/05/2020, on PubMed, PsycINFO, Web of Science, and SPORTDiscus. Age, sex, CRF and depression assessments, and correlations were extracted. A random-effects meta-analysis was conducted, and the potential sources of heterogeneity were also explored through meta-regression analysis. Results: Across 14 effects of 11 unique studies, including a total of 7,095 participants (median age=12.49) with nearly equal sex distribution (median=53% females), it was found that higher CRF was associated with lower depressive symptoms in children and adolescents (r =-0.174, 95%CI -0.221 to -0.126, p<0.001, I2=75.09, Q value=52.19). No moderators were identified. Conclusion: Available evidence supports the notion that higher CRF is inversely associated with depressive symptoms in children and adolescents. Physical activity and exercise interventions targeting improving CRF should be promoted for these populations. Further studies, including clinical populations, should be conducted to assess objective measures of aerobic fitness and body composition, while controlling for puberty status, to better characterize this association.
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1. Introduction
Depressive disorders have an estimated prevalence of 3.2% in children, and 6.7% in adolescents (aged between 12-17 years) [1]. Depressive disorders are among the most important antecedents of suicide, the second leading cause of death among young people aged 15-29 years in 2015 [2].
Longitudinal studies suggest that depressive symptoms during childhood increase the risk of adulthood depression [3], bipolar disorder [4], and substance abuse [5]. Moreover, depression arising during childhood and adolescence suggests an increased risk for chronic course of depressive illness in adulthood, therefore implying a longer burden and psychosocial impact [6]. Thus, understanding potential modifiable risk factors for depressive symptoms in children and adolescence is essential.
Physical activity (PA) can be defined as any form of muscular movement resulting in energy expenditure above basal levels [7]. Adults with depression have decreased levels of PA when compared to non-depressed individuals [8, 9]. Furthermore, PA has been shown to be a protective factor against the onset of depression at any age, and across all continents [10]. The association between PA and depression has been shown in previous studies assessing PA with questionnaires, which are more susceptible to recall and social desirability biases [11], and less frequently with objective measures of PA [12]. However, as the PA category in most previous studies did not differentiate between PA and exercise, a repetitive and structured PA designed to improve or maintain one or more components of the physical condition [13,14], evaluation of the effects of PA and exercise separately on depressive symptoms is not possible. 
Cardiorespiratory Fitness (CRF), defined as the ability of the cardiorespiratory system to supply oxygen to the working muscles during sustained exercise, is mostly influenced by PA [15], and has some advantages over PA assessment, such as being less susceptible to recall or social desirability biases, while being directly and objectively determined from maximal (i.e. until exhaustion) and submaximal (i.e. without exhaustion) well-standardized tests in both laboratory and field conditions. Further, CRF is also an objective biological marker of overall health in adults, being inversely associated with all-cause mortality, incident myocardial infarction, hypertension, diabetes, atrial fibrillation, heart failure, stroke and various other conditions [16]. More recently, a growing body of evidence has suggested a link between CRF and mental health in adults, showing that higher levels of CRF are associated with reduced depressive symptoms [17], and that people with lower CRF have an increased risk of developing depression [11].
In children and adolescents, CRF has been linked to better cognitive function [18], lower adiposity [19], and improved cardiometabolic health [20]. Two previous systematic reviews have suggested that CRF is inversely associated with depressive symptoms in children and adolescents [21, 22]. However, they did not perform a meta-analysis on the strength of the association between CRF and depressive symptoms.
Further, although the correlation association between CRF and depressive symptoms in adult has been found to be moderated by various factors (such as sex [17]), potential moderators of the association between depressive symptoms and CRF in children and adolescents have not been explored yet.
Therefore, the aims of this review were: 1) to meta-analyze studies testing the cross-sectional correlation between CRF and depressive symptoms in children and adolescents; and 2) to explore whether sex, age, and body composition are potential moderators of this correlation.


2. METHODS
This systematic review was conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) [23] and the Meta-Analysis of Observational Studies in Epidemiology (MOOSE) [24] statement.
2.1. Inclusion and exclusion criteria
The following inclusion criteria were defined for the selection of articles: (1) Studies that assessed CRF using maximal or submaximal tests; (2) assessed depressive symptoms using validated instruments; (3) have included participants up to 18 years old; (4) have tested the cross-sectional association between CRF and depressive symptoms, presenting the value of the correlation tests, such as the r value. Excluded studies were those that 1) did not use original data (e.g.: reviews, commentaries, editorials); (2) were written in languages other than English, Portuguese or Spanish; and (3) thesis, dissertations, abstracts of conferences and symposiums .
2.2. Searches
Searches were conducted on PubMed, Web of Science, PsycINFO and SportDiscus databases, from inception to 21/05/2020, using combinations of keywords involving fitness, depression and children/adolescents. The full strings can be seen at the supplementary materials. Additional hand searches were performed in the references of included studies and previous reviews on CRF and health outcomes in children and adolescents [21, 22].
2.3. Study selection
	The authors searched the titles and abstracts of all publications resulting from the initial search in order to identify those that fulfilled the inclusion criteria. Each title and abstract of the articles were evaluated independently by two blind reviewers. Thereafter, the remaining articles were read in full. The disagreements were re-evaluated by the authors to reach consensus among them. 

2.4. Data extraction
Data on the country, study design, sample size, mean age, % of females, % of body fat, body mass index (BMI), fitness test used, and depressive symptoms instrument were gathered. The correlational data, expressed by the Pearson (r) or Spearman (rho) tests, were extracted altogether with the total sample size. The data were extracted using a pre-defined Excel® spreadsheet by two independent reviewers. In case of missing outcomes data, authors were contacted (up to three times within a 3-week period).

2.5. Meta-analysis
A random-effects meta-analysis was performed using the r value and the sample size. The meta-analysis was conducted using the transformation of r values into Fischer z scores and then reconverting to r values. Outcomes were pooled in r values, together with the 95% confidence interval (95%CI). The associations were classified as weak (r =0.10-0.29), medium (r =0.30-0.50) or strong (r >0.50) [25]. The Q and I2 statistic were used to assess and to quantify the heterogeneity, respectively. Scores of <25%, 25-50% and >50% indicated low, moderate and high heterogeneity, respectively [26]. In case of moderate or high heterogeneity, meta-regression exploring the role of age and sex (%females) as moderators were conducted. We evaluated the publication bias using the Begg and Mazumdar [27] and Egger tests [28]. All analyses were performed using Comprehensive Meta-Analysis software (version 3). The Cohen’s kappa coefficient was used to calculate the inter-rater agreement rate between reviewers.

3. RESULTS
3.1. Search results
The initial search yielded 1,447 results. After the removal of duplicates and exclusion at the title and abstract level, 1,188 abstracts were considered. After the full-text review stage, 64 studies were considered. Five studies have assessed CRF and depression in children and adolescents and were not included in meta-analysis because they did not present the r values [29-33]. The full list of excluded articles and the reasons for exclusion after full-text read, can be seen in supplementary material. Finally, a total of 11 unique studies were included in the meta-analysis [34-44]. The selection process is described in Figure 1. The inter-rater agreement rates were 0.92 and 0.95 at the first and second stages, respectively.

***Insert Figure 1 about here***

3.2. Studies and participants characteristics
Across the 11 unique studies, a total of 7,095 children/adolescents (median age=12.49) were included, with nearly equal sex distribution (53% females). Most studies were conducted in the US (63.6%, n=7) [35, 37, 39, 40, 42, 44], and used the Fitnessgram battery for fitness assessment (55.5%, n=6) [37, 40, 43, 44]. The most used scale for assessing depressive symptoms was the center for epidemiologic studies depression scale for children (CES-DC) (44.4%, n=4). The description in detail of the included studies is summarized in Table 1. 

***Insert Table 1 about here***

3.3. Correlation between CRF and depressive symptoms
A correlational meta-analysis, including 14 correlation effect sizes from 11 original studies found a weak inverse correlation between high CRF and low depressive symptoms in children and adolescents (r =-0.174, 95%CI -0.221 to -0.126, p<0.01, I2=75.09, Q value=52.19). The Egger (intercept=-1.59, p=0.38) and Begg and Mazumdar (Tau=-0.21, p=0.27) tests did not identify potential publication bias. The forest plot can be seen in Figure 2.

***Insert Figure 2 about here***

3.4. Moderators analysis
Nether BMI (coefficient=0.0171, 95%CI - 0.0084 to 0.0426, R2=0.10, p=0.1895, n=8), age (coefficient=-0.0149, 95%CI -0.0142 to 0.0439, R2=0.02, p=0.31, n=12), nor sex (coefficient=0.0004, 95%CI -0.0010 to 0.0018, R2=0.00, p=0.58, n=14) were significant moderators.
	

4. DISCUSSION
This is, to the best of our knowledge, the first meta-analysis assessing the correlation between CRF and depressive symptoms in children and adolescents. In the present analysis, we found a small but statistically significant correlation between CRF and depressive symptoms in children and adolescents (r = -0.174, 95%CI -0.221 to -0.126, p<0.01). This correlation is similar to the correlation found in previous studies in adults (r =-0.16, 95%CI -0.21 to -0.10, p=0.041) [17]. However, in adults, sex moderated the association, being more strongly associated with depressive symptoms in men (r =-0.22, 95 % CI -0.26 to -0.18) than in women (r =-0.12, 95 % CI -0.19 to -0.05) [17]. The differences between the finding in adults may be explained by the lower prevalence of depressive symptoms in children and adolescents, which might result in reduced variability and, consequently, a reduced chance of detecting significant differences [17]. This difference is reinforced by the fact that the meta-analysis in adults included studies with samples exclusively composed of clinically depressed participants, while we did not include any study limited to depressed participants [17].
The observed results highlight the potential role for promoting PA in children and adolescents, since PA is the major determinant of CRF [15]. Although this study only examined cross-sectional associations, and therefore cannot determine directionality of relations, previous studies in adults have demonstrated that CRF is associated with a decreased risk of incident depression [11]. Thus, it is plausible that high CRF in children and adolescents may be protective against the development of depression. However, the opposite view of depression favoring reduced PA and physical fitness should not be disregarded [29]. Further studies are required to objectively estimate the expected protective effects of an increased CRF on depressive symptoms.
There are some factors that may explain the association between CRF and depression in children and adolescents, including biological and psychosocial factors. First, depression is associated with impaired brain function [45] and structure [46] in children and adolescents [47]. In contrast, CRF is associated with increased cortical brain development in adolescents [48], improved brain structure and functioning in children and adolescents [49, 50], and cognitive capacity in adolescents [51]. Specifically, there is robust evidence, from both animal and human studies, suggesting the key role of aerobic PA and exercise on neurobiological mechanisms associated to preserved brain functioning and reduced chronic stress and depressive symptoms [52-53]. Second, children and adolescents with higher CRF are more likely to be more physically active, and more engaged in group sports, thus having more social relationships and connections with peers [54], which is protective against depression. This means that the identified association could be directly or indirectly related to other biological and social influences, and their interactions, as a consequence of enhanced PA levels and probably reduced sedentary behaviors [55]. Therefore, further studies are required to provide these and other measures to better understand the link between CRF and depression.
The present study presents some potential limitations. First, this is a meta-analysis of cross-sectional studies. Therefore, no direction or causality of the association can be determined. Second, the associations were not adjusted for confounding factors (e.g. socioeconomic status), and few moderators could have been tested, with most of them including a reduced number of studies. Third, the majority of studies were conducted in the US, Europe, and Asia. No studies from Africa, Oceania or South America were included, so the generalization of these data is limited.
Based on the current and previous studies, we may suggest a number of issues to be considered in further studies for the improvement of the current level of evidence. First, it would be recommended that the authors of experimental studies report all their results to be easily processed. This is a problem that has affected the number of studies that were finally included in our meta-analysis (see supplementary material). Second, one potentially important confounder which determines the different rates of depression between sexes is puberty [56], therefore further studies should assess the effect of puberty onset on depressive symptoms. Third, only two studies [39, 42] directly recorded oxygen consumption, therefore more studies with this and other objective indices (e.g. anaerobic threshold) of CRF are needed. In this regard, attention should be paid to the selection of the protocols, as children with greater BMI and body fatness could be limited in locomotor activities. Lastly, BMI is not a good measure for body composition assessment, especially in growing individuals [57, 58], therefore further studies should include objective measures of body composition to better explore the potential moderator role of adiposity and muscle mass.

5. CONCLUSION
The current meta-analysis has revealed a weak inverse correlation between depressive symptoms and CRF as previously observed in adults. Future studies with objectives measures of CRF and body composition, including both sexes and clinical populations, while controlling for puberty and other confounding factors, would allow the identification of the biological features that have been demonstrated to impact the relationships between depression and CRF in adults.

Acknowledgments
The authors would like to thank to Dr. Camilo Ruggero, Dr. Paul Yeatts, and Dr. Trent Petrie for the additional information provided. DB was supported by CNPq, and AJW, LT, FBS and DB were supported by CAPES.

References

[1] Ghandour, R.M., Sherman, L.J., Vladutiu, C.J., Ali, M.M., Lynch, S.E., Bitsko, R.H., Blumberg, S.J,. 2019. Prevalence and Treatment of Depression, Anxiety, and Conduct Problems in US Children, The Journal of Pediatrics 206, 256–267.e3. doi:10.1016/j.jpeds.2018.09.021.

[2] Organization, W. H., 2017. Depression and other common mental disorders: global health estimates: World Health Organization.

[3] Uchida, M., Fitzgerald, M., Woodworth, H., Carrellas, N., Kelberman, C., Biederman, J., 2018.  Subsyndromal Manifestations of Depression in Children Predict the Development of Major Depression, The Journal of Pediatrics 201, 252–258.e1. doi:10.1016/j.jpeds.2018.05.049.

[4] Estrada-Prat, X., Van Meter, A.R., Camprodon-Rosanas, E., Batlle-Vila, S., Goldstein, B.I., Birmaher B., 2019.  Childhood factors associated with increased risk for mood episode recurrences in bipolar disorder—A systematic review, Bipolar Disorders 21, (6), 483–502. doi:10.1111/bdi.12785.

[5] Groenman, A.P., Janssen, T.W.P., Oosterlaan J., 2017. Childhood Psychiatric Disorders as Risk Factor for Subsequent Substance Abuse: A Meta-Analysis. doi:10.1016/j.jaac.2017.05.004.

[6] Wilson, S., Vaidyanathan, U., Miller, M.B., McGue, M., Iacono, W.G., 2014. Premorbid risk factors for major depressive disorder: Are they associated with early onset and recurrent course? doi:10.1017/s0954579414001151.

[7] Caspersen, C.J., Powell, K.E., Christenson, G.M., 1985. Christenson, Physical activity, exercise, and physical fitness: definitions and distinctions for health-related research, Public Health Rep 100, (2), 126–131.

[8] [bookmark: bau0035][bookmark: bau0040]Schuch, F., Vancampfort, D., Firth, J., Rosenbaum, S., Ward, P., Reichert, T., Bagatini, N.C., Bgeginski, R., Stubbs, B., 2017. Physical activity and sedentary behavior in people with major depressive disorder: a systematic review and meta-analysis, Journal of affective disorders 210, 139–150.

[9] Vancampfort, D., Firth, J., Schuch, F. B., Rosenbaum, S., Mugisha, J., Hallgren, M., Probst, M., Ward, P. B., Gaughran, F., Hert, M., Carvalho, A.F., 2017. Sedentary behavior and physical activity levels in people with schizophrenia, bipolar disorder and major depressive disorder: a global systematic review and meta-analysis, World Psychiatry 16, (3), 308–315.

[10] Schuch, F.B., Vancampfort, D., Firth, J., Rosenbaum, S., Ward, P.B., Silva, E.S., Hallgren, M., Leon, A.P., Dunn, A.L., Deslandes, A.C., Fleck, M.P., Carvalho, A.F., Stubbs, B., 2018. Physical Activity and Incident Depression:  A Meta-Analysis of Prospective Cohort Studies, Am J Psychiatry 175, (7), 631–648.

[11] Schuch, F.B., Vancampfort, D., Sui, X., Rosenbaum, S., Firth, J., Richards, J., Ward, P.B., Stubbs, B., 2016. Are lower levels of cardiorespiratory fitness associated with incident depression? A systematic review of prospective cohort studies. doi:10.1016/j.ypmed.2016.10.011.

[12]  Tonello, L., Oliveira-Silva, I., Medeiros, A.R., Donato, A.N.A., Schuch, F.B., Donath, L., Boullosa, D. (2019). Prediction of Depression Scores From Aerobic Fitness, Body Fatness, Physical Activity, and Vagal Indices in Non-exercising, Female Workers. Frontiers in Psychiatry, 12 (10) 192. doi: 10.3389/fpsyt.2019.00192

[13]  Kandola, A., Lewis, G., Osborn, D.P., Stubbs, B., Hayes, J.F. (2020). Depressive symptoms and objectively measured physical activity and sedentary behaviour throughout adolescence: a prospective cohort study. The Lancet Psychiatry, 7(3), 262-271. doi: 10.1016/S2215-0366(20)30034-

[14]  Vedøy, I.B., Anderssen, S.A., Tjomsland, H.E., Skulberg, K.R., Thurston, M. (2020). Physical activity, mental health and academic achievement: a cross-sectional study of Norwegian adolescents. Mental Health and Physical Activity, 18, 100322. doi.org/10.1016/j.mhpa.2020.100322

[15] Ruedl, G., Greier, N., Niedermeier, M., Posch, M., Prünster, V., Faulhaber, M., Burtscher, M., 2019. Factors Associated with Physical Fitness among Overweight and Non-Overweight Austrian Secondary School Students, International Journal of Environmental Research and Public Health 16 (21), 4117– 4117. doi:10.3390/ijerph16214117.

[16] Al-Mallah, M.H., Sakr, S., Al-Qunaibet, A., 2018. Cardiorespiratory Fitness and Cardiovascular Disease Pre- vention: an Update, Current Atherosclerosis Reports 20, (1), 1–1. doi:10.1007/s11883-018-0711-4.

[17] Papasavvas, T., Bonow, R.O., Alhashemi, M., Micklewright, D., 2016. Depression Symptom Severity and Cardiorespiratory Fitness in Healthy and Depressed Adults: A Systematic Review and Meta-Analysis, Sports Medicine 46, (2), 219–230. doi:10.1007/s40279-015-0409-5.

[18] Donnelly, J.E., Hillman, C.H., Castelli, D., Etnier, J.L., Lee, S., Tomporowski, P., Lambourne, K., Szabo-Reed, A.N., 2016. Physical Activity, Fitness, Cognitive Function, and Academic Achievement in Children: A Systematic Review, Medicine & Science in Sports & Exercise 48, (6), 1197–1222. doi:10.1249/mss.0000000000000901.

[19] Tuan, S.H., Li, C.H., Sun, S.F., Li, M.H., Liou, I.H., Weng, T.P., Chen, I.H., Lin, K.L., 2019. Comparison of cardiorespiratory fitness between preschool children with normal and excess body adipose ~ An observational study, PloS one 14, (10), 223907–223907.

[20] Aadland, E., Anderssen, S.A., Andersen, L.B., Resaland, G.K., Kolle, E., Steene-Johannessen J., 2019. Aerobic fitness thresholds to define poor cardiometabolic health in children and youth, Scandinavian Journal of Medicine & Science in Sports 29, (2), 240–250. doi:10.1111/sms.13330.

[21] Ortega, F.B., Ruiz, J.R., Castillo, M.J., Sjostrom M., Sjöström, M., 2018. Physical fitness in childhood and adolescence: a powerful marker of health, International Journal of Obesity 32, (1), 1–11. doi:10.1038/sj.ijo.0803774.

[22] Janssen, I., LeBlanc, A.G., 2010. Systematic review of the health benefits of physical activity and fitness in school-aged children and youth, International Journal of Behavioral Nutrition and Physical Activity 7, (1), 40–40. doi:10.1186/1479-5868-7-40.

[23] Moher, D., Liberati, A., Tetzlaff, J., Altman, D.G., Group, P., 2009. Preferred Reporting Items for Systematic Reviews and Meta-Analyses: The PRISMA Statement, PLoS Medicine 6, (7), e1000097–e1000097. doi:10.1371/journal.pmed.1000097.

[24] Stroup, D.F., Berlin, J.A., Morton, S.C., 2000. Meta-analysis of observational studies in epidemiology: a proposal for reporting. Meta-analysis Of Observational Studies in Epidemiology (MOOSE) group, Jama 283, (15), 2008–2012.

[25] Cohen, J., 2013. Statistical power analysis for the behavioral sciences: Routledge.

[26] Higgins, J.P., Thompson, S.G., Deeks, J.J., Altman, D.G., 2003. Measuring inconsistency in meta-analyses, BMJ 327, (7414), 557–560.

[27] Begg, C.B., Mazumdar, M., 1994. Operating Characteristics of a Rank Correlation Test for Publication Bias, Biometrics 50, (4), 1088–1088. doi:10.2307/2533446.

[28] Egger, M., Davey Smith, G., Schneider, M., Minder, C., 1997. Bias in meta-analysis detected by a simple, graphical test, BMJ 315, (7109), 629–634. doi:10.1136/bmj.315.7109.629.

[29] Olive, L.S., Telford, R.M., Byrne, D.G., Abhayaratna, W.P., Telford, R.D. (2016). Psychological distress leads to reduced physical activity and fitness in children: the Australian longitudinal LOOK study. Journal of behavioral medicine, 39, (4), 587-598.  doi:10.1007/s10865-016-9723-0

[30] Rodriguez-Ayllon, M., Cadenas-Sanchez, C., Esteban-Cornejo, I., Migueles, J. H., Mora-Gonzalez, J., Henriksson, P., Enriquez, G.M. (2018). Physical fitness and psychological health in overweight/obese children: a cross-sectional study from the ActiveBrains project. Journal of science and medicine in sport, 21, (2), 179-184.  doi:10.1016/j.jsams.2017.09.019

[31] Ruggero, C.J., Petrie, T., Sheinbein, S., Greenleaf, C., Martin, S. (2015). Cardiorespiratory fitness may help in protecting against depression among middle school adolescents. Journal of Adolescent Health, 57, (1), 60-65. doi:10.1016/j.jadohealth.2015.03.016

[32] Shomaker, L.B., Tanofsky-Kraff, M., Zocca, J.M., Field, S.E., Drinkard, B., Yanovski, J.A. (2012). Depressive symptoms and cardiorespiratory fitness in obese adolescents. Journal of Adolescent Health, 50, (1), 87-92. doi:10.1016/j.jadohealth.2011.05.015

[33] Tomson, L.M., Pangrazi, R.P., Friedman, G., Hutchison, N. (2003). Childhood depressive symptoms, physical activity, and health related fitness. Journal of Sport and Exercise Psychology, 25, (4), 419-439. doi:10.1123/jsep.25.4.419

[34] Becerra, C.A., Reigal, R.E., Hernández-Mendo, A., Martín-Tamayo I., 2013. Relaciones de la condición física y la composición corporal con la autopercepción de salud. [Relationship of physical fitness and body composition with self-rated health]., RICYDE. Revista Internacional de Ciências Del Deporte 10, (34), 305–318. doi:10.5232/ricyde2013.03401.

[35] Dishman, R.K., Hales, D.P., Pfeiffer, K.A., Felton, G.A., Saunders, R., Ward, D.S., Dowda, M., Pate, R.R., 2006. Physical self-concept and self-esteem mediate cross-sectional relations of physical activity and sport participation with depression symptoms among adolescent girls. doi:10.1037/0278- 6133.25.3.396.

[36] Esmaeilzadeh, S., 2015. The association between depressive symptoms and physical status including physical activity, aerobic and muscular fitness tests in children, Environmental Health and Preventive Medicine 20, (6), 434–440. doi:10.1007/s12199-015-0484-0.

[37] Farren, G.L., Zhang, T., Gu, X.L., Thomas, K.T., 2018. Sedentary behavior and physical activity predicting depressive symptoms in adolescents beyond attributes of health-related physical fitness, Journal of Sport and Health Science 7, (4), 489–496. doi:10.1016/j.jshs.2017.03.008.

[38] Gu, X., Zhang, T., Chu, T.L., Keller, M.J., Zhang, X. (2019). The direct and indirect effects of motor competence on adolescents’ mental health through health-related physical fitness. Journal of sports sciences, 37(17), 1927-1933. doi: 10.1080/02640414.2019.1605652

[39] Kelly, N.R., Mazzeo, S.E., Evans, R.K., Stern, M., Thacker, L.F., Thornton, L.M., Laver, J.H., 2011. Physical activity, fitness and psychosocial functioning of obese adolescents, Elsevier Science, 31–37.

[40] Petrie, T.A., Greenleaf, C., Martin, S., 2010. Biopsychosocial and Physical Correlates of Middle School Boys’ and Girls’ Body Satisfaction. doi:10.1007/s11199-010-9872-5.

[41] Sheinbein, S.T., Petrie, T.A., Martin, S., Greenleaf, C.A. (2016). Psychosocial Mediators of the Fitness–Depression Relationship Within Adolescents. Journal of Physical Activity and Health, 13(7), 719-725. doi: 10.1123/jpah.2015-0127

[42] Stojek, M.M.K., Montoya, A.K., Drescher, C.F., Newberry, A., Sultan, Z., Williams, C.F., Pollock, N.K., Davis, C.L., 2017. Fitness, Sleep-Disordered Breathing, Symptoms of Depression, and Cognition in Inactive Overweight Children: Mediation Models, Public Health Reports 132 (2_suppl), 65S– 73S. doi:10.1177/0033354917731308.

[43] Xiang, M., Gu, X.L., Jackson, A., Zhang, T., Wang, X.Z., Guo Q., 2017. Understanding adolescents’ mental health and academic achievement: Does physical fitness matter? School Psychology International 38, (6), 647–663.

[44] Yeatts, P.E., Martin, S.B., Petrie, T.A., 2017. Physical fitness as a moderator of neuroticism and depression in adolescent boys and girls, Vol. 114, Elsevier BV, Netherlands. doi:10.1016/j.paid.2017.03.040.

[45] Miller, C.H., Hamilton, J.P., Sacchet, M.D., Gotlib, I.H. (2015). Meta-analysis of functional neuroimaging of major depressive disorder in youth. JAMA psychiatry, 72(10), 1045-1053. doi:10.1001/jamapsychiatry.2015.1376.

[46] Hulvershorn, L.A., Cullen, K., Anand, A. (2011). Toward dysfunctional connectivity: a review of neuroimaging findings in pediatric major depressive disorder. Brain imaging and behavior, 5(4), 307-328. doi:10.1007/s11682-011-9134-3.

[47] Weir, J.M., Zakama, A., Rao, U. (2012). Developmental risk I: depression and the developing brain. Child and Adolescent Psychiatric Clinics, 21(2), 237-259. doi:10.1016/j.chc.2012.01.004

[48] Herting, M.M., Keenan, M.F., Nagel, B.J., 2016. Aerobic Fitness Linked to Cortical Brain Development   in Adolescent Males: Preliminary Findings Suggest a Possible Role of BDNF Genotype, Frontiers in Human Neuroscience 10, 327–327. doi:10.3389/fnhum.2016.00327.

[49] Esteban-Cornejo, M. Rodriguez-Ayllon, J. Verdejo-Roman, C. Cadenas-Sanchez, J. Mora-Gonzalez, L. Chaddock-Heyman, L. B. Raine, C. M. Stillman, A. F. Kramer, K. I. Erickson, A. Catena, F. B. Ortega, C. H. Hillman, Physical Fitness, White Matter Volume and Academic Performance in Children: Findings From the Active Brains and FITKids2 Projects, Frontiers in Psychology 10 (2019) 208–208. doi:10.3389/fpsyg.2019.00208.

[50] Ruotsalainen, I., Renvall, V., Gorbach, T., Syväoja, H.J., Tammelin, T.H., Karvanen, J., Parviainen, T., 2019. Aerobic fitness, but not physical activity, is associated with grey matter volume in adolescents, Behavioural Brain Research 362, 122–130. doi:10.1016/j.bbr.2018.12.041.

[51] Cadenas-Sanchez, C., Vanhelst, J., Ruiz, J.R., Castillo-Gualda, R., Libuda, L., Labayen, I., Miguel-Etayo, P., Marcos, A., Molnar, E., Catena, A., Moreno, L.A., Sjostrom, M., Gottrand, F., Widhalm, K., Ortega, F.B., 2017. Fitness and fatness in relation with attention capacity in European adolescents: The HELENA study, Journal of science and medicine in sport, 20, (4), 373–379.

[52] Greenwood, B.N., Fleshner, M. (2011). Exercise, stress resistance, and central serotonergic systems. Exercise and sport sciences reviews, 39(3), 140. doi:10.1097/JES.0b013e31821f7e45

[53] Heijnen, S., Hommel, B., Kibele, A., Colzato, L. S. (2016). Neuromodulation of aerobic exercise a review. Frontiers in psychology, 6, 1890. doi:10.3389/fpsyg.2015.01890.

[54] Aarnio, M., Winter, T., Kujala, U., Kaprio, J., 2002. Associations of health related behaviour, social relationships, and health status with persistent physical activity and inactivity: a study of Finnish adolescent twins, British Journal of Sports Medicine 36, (5), 360–364. doi:10.1136/bjsm.36.5.360.

[55] Hallgren, M., Dunstan, D.W., Owen, N. (2020). Passive Versus Mentally Active Sedentary Behaviors and Depression. Exercise and sport sciences reviews, 48(1), 20-27. doi:10.1249/JES.0000000000000211

[56] Angold, A., Worthman, C.W. (1993). Puberty onset of gender differences in rates of depression: a developmental, epidemiologic and neuroendocrine perspective. Journal of Affective Disorders, 29(2-3), 145-158. doi:10.1016/0165-0327(93)90029-j.

[57] Telford, R.D., Cunningham, R.B. (2008). Reformulation of BMI and Percent Body Fat to Remove the Height Bias in 8‐year‐olds. Obesity, 16(9), 2175-2181. doi:10.1038/oby.2008.332

[58] Telford, R.D., Cunningham, R.B., Abhayaratna, W.P. (2014). Temporal divergence of percent body fat and body mass index in pre‐teenage children: the LOOK longitudinal study. Pediatric obesity, 9(6), 448-454. doi:10.1111/j.2047-6310.2013.00194.x


	

Tables and Figures

Figure 1: PRISMA flowchart of studies selection
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Figure 2: Forest plot of studies testing the correlation between cardiorespiratory fitness and depressive symptoms in children and adolescents
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	[bookmark: _Hlk43065649][bookmark: _Hlk43065641]Study
	Country
	Design
	Sample size
	Mean age
	%
Females
	Fitness
assessment
	Fitness results
	Depressive symptoms assessment
	Depression results

	Becerra et al., 2013
	Spain
	Cross-sectional
	264
	15.05
	50.7
	EUROFIT (Course Navette)
	VO2max=43.19+
	GHQ-28** (depression domain)
	severe depression (0.31)

	Dishman et al., 2006
	US
	Cross-sectional
	1250
	17.66
	100
	PWC170
	11.38 
(kgm∙min-1∙kg-1)
	CES-D**
	14.48

	Esmaeilzadeh, 2015
	Iran
	Cross-sectional
	456
	9.3
	0
	One-mile walk/run test
	669.5 
(seconds)
	CDI**
	10.50

	Farren et al., 2016
	US
	Cross-sectional
	249
	12.85
	54
	Fitnessgram
	VO2max=47.31++
VO2max=42.42+++
	CES-DC≠
	13.30

	Gu et al., 2019
	US
	Cross-sectional
	279
	12.49
	53
	Fitnessgram
	VO2max=38.60+
	CES-DC≠
	14.40

	[bookmark: _Hlk42656556]Kelly et al., 2011
	US
	Longitudinal (Baseline data used)*
	98
	13.66
	68.4
	Maximal effort graded treadmill test
	Baseline
VO2max=23.99
	CDI**
	10.16

	Petrie et al., 2010
	US
	Cross-sectional
	1288
	12.38
	51.1
	Fitnessgram
	Boys VO2max=38.23+
Girls VO2max=30.77+
	CES-DC≠≠
	Boys=10.81
Girls=14.12

	Sheibein et al., 2016
	US
	Cross-sectional
	1045
	12.3
	48.5
	Fitnessgram
	VO2max=41.45+
	CES-DC≠≠
	13.50

	[bookmark: _Hlk42656577]Stojek et al., 2017
	US
	Cross-sectional
	397
	9.5
	59.5
	Modified Balke Protocol for Poorly Fit Children
	VO2peak=28.43
	CDI≠≠≠
RCDS≠≠≠≠
	CDI=7.9
RCDS=51

	Xiang et al., 2017
	China
	Cross-sectional
	144
	14.55
	33.33
	Fitnessgram
	VO2max=45.49+
	CES-DC≠≠
	17.64

	Yeatts et al., 2017
	US
	Cross-sectional
	1625
	12.23
	0
	Fitnessgram
	Boys VO2max=39.85+
Girls VO2max=30.89+
	CES-DC≠≠
	Boys=12.23
Girls=15.11


Table 1. Description of included studies
	*only the baseline association data were used, VO2max=Maximum oxygen consumption (mL∙kg-1∙min-1), VO2peak=peak oxygen consumption (mL∙kg-1∙min-1), CDI=Children Depression Inventory, CES-D=Center for Epidemiologic Studies Depression Scale, GHQ=General Health Questionnaire CES-DC= Center for Epidemiologic Studies Depression Scale for Children, PWC170=Physical work capacity corresponding to a HR of 170 bpm, RCDS=Reynolds Child Depression Scale, +VO2max estimated. ++VO2max estimated with CES-DC<15, +++VO2max estimated with CES-DC≥15, ≠score≥15 indicative of symptoms of depression, ≠≠score 0 (no symptoms) 60 (high level of depressive symptoms), ≠≠≠score≥19 indicative of symptoms of depression, ≠≠≠≠score≥74 indicative of symptoms of depression. **Not reported.



Supplementary materials 1: Search strings

PubMed (21/05/2020):
(“cardiovascular capacity” OR “cardiovascular fitness” OR “maximum oxygen uptake” OR “vo2” OR “aerobic capacity” OR “Exercise capacity” OR “CRF” OR “cardiorespiratory fitness” OR “fitness”) AND (“MDD” OR depression[mesh]) AND (child OR adolescent OR young)
Total articles: 252

Web of Science (21/05/2020):
(“cardiovascular capacity” OR “cardiovascular fitness” OR “maximum oxygen uptake” OR “vo2” OR “aerobic capacity” OR “Exercise capacity” OR “CRF” OR “cardiorespiratory fitness” OR “fitness”) AND (“MDD” OR depression) AND (child OR adolescent OR young)
Total articles: 497

Psycinfo (21/05/2020): 
(“cardiovascular capacity” OR “cardiovascular fitness” OR “maximum oxygen uptake” OR “vo2” OR “aerobic capacity” OR “Exercise capacity” OR “CRF” OR “cardiorespiratory fitness” OR “fitness”) AND (“MDD” OR depression) AND (child OR adolescent OR young)
Total: 489

SportDiscus (21/05/2020): 
(“cardiovascular capacity” OR “cardiovascular fitness” OR “maximum oxygen uptake” OR “vo2” OR “aerobic capacity” OR “Exercise capacity” OR “CRF” OR “cardiorespiratory fitness” OR “fitness”) AND (“MDD” OR depression) AND (child OR adolescent OR young)
Total: 123
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